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ENTRO}DUCTION

    Photoinhibition of phytoplankton photosynthesis has often been observed
in surface bottles which is exposed to high light (4, 5, 6, 10, 12, 15, 16), afid

solar Ultraviole{ A (UVA) radiation is known to be the major cause of this
inhibition (2, 7). However, when algal cells are exposed continuously to UVA

under laboratory conditions, acclimation of the cells to UVA was established

aRd the photosynthetic rate recovered (8). If the acclimation occurs also iR

gatural phytoplankton, the photosynthetic rate of surface phytoplankton would

recover after several heurs exposure to sunlight. This acclimatien is thought to

be dependefit oR the coltditions of water column mixing. The phytoplankten

raay stay and be exposed to high levels of UVA at shallow depth, when the
thermocline forms near the surface (17). in contrast, when the water column is

mixed by wind under weak thermal stratification, the phytoplankton are
transported to deeper parts of the water column where UVA is negligibly low;

the phytoplankton may not become acclimatized to UVA. Therefore, inhibition

and acclimatization of phytoplankton photosynthesis under natural lake
coRditions should be analyzed in relation to water column mixing.

    The aim of the present study is to analyze the effects of stratificatioR and

water column mixing on phytoplankton photosynthesis with reference to UVA
iBhibition. The followiRg experiments were performed. First, extinctions of

solar UVA and photosynthetically active radiation (PAR) in water were
compared witk chlorophyll a concentrations (as phytoplankton biomass) and

Secchi disk depth in lakes with various trophic cofiditions. Secegdly, inhibition

ef phetosyRthetic rate due to UVA was measured by phytoplankton from
surface and subsurface depths at a stratified Iake. Diumal changes of
photosystem activity and water temperature profiles were monitored in a
shal!ow 1ake. Resillts are discussed with reference to water column mixing,
underwater ligkt eAvironments and acclimatioR of phytopiaRktoR to UVA.

MATERiALS AND maTHODS

Description of study sites and pdytoplankton : Photosynthetic rates of

phytoplankton wefe studied iR Lake Nakanuma aRd Lake Suwa. L. Nakanuma
(Ibaraki Prefecture, central Japan) is a small moderately eutropkic stratified lake

where the Secchi disk depth was 1.7 m during study period. The phytoplankton

cemposition in L. Nakanuma during the study pefiod were mixed assemblages
of different taxa, mainly cyanobacteria, centric diatoms and small green algae.

L. Suwa (Nagano prefecture, central Japan) is hypeTeutrophic lake and domiRant
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phytoplaiikton were diatoms of 1lkrtosira spp. during study period. The Secchi

disk depth was about 1.1 m.

tweasesrement of PkQtosynthesis : Sensitivity of photosynthetic ra£e te UVA
was compared fbr phyteplankten from various depths of the stratified L,
Nakanuma. Water samples were collected ffom O.25, O.75, 1.5, 2.5 afid 5 m
using a VaR Dern sampler and placed in 2 trallsparent glass bottles (light :

+UVA), 2 the same but wrapped with UV abserbing vinyl chloride film (light :

-UVA) and 2 dark bottles (dqtails are descfibed iR 7). Incebatien was conducted

at the lake surface for 2 h around noon. Oxygefi coRoentratioR in the incubation

bottles determined by the Azide modification of the Winicler method (1).

Vertical prefiies ef UVA, PAR, water temperat"re and chlorophyll a
conceRtratien were'measured simultalleously. Chloropkyll a concentration was

measured fluoremetrically using a fiuorescence spectrophotemeter (Hitachi
65ge10M) after extraction with methanel (1).

    Vertical variatiens in in vivo fiuoresceBce of phytoplankton chlerophyll a

weye measured to assess the effects of water coluren mixing en photosynthesis

at L. Suwa. Lake water sampies were collected from depths of O, O.5, i, 2, 3, 4

and 5 m at the lake center (maximum depth was 6 m) with aR opaque Van Dern
water sampler. Samples were transferred immediately to dark bottles aRd stood

for 1 h. Fluorescence was theB measured with and without 3-(3,4-
dichlorophenyl)-1,1-<limethyl (DCMU) gsiRg a Turner fluoremaeter which fitted

with a blue excitation filter agd a red emissien filter. The DCMU-iRduced
fluorescence, the difference betweeR fiuofescence with and without DCMU, was

used to indicate relative photosyRthetic ability in photosystem II (9). DCMU---

ind"ced fluorescence values are expressed on a com[non scale of relative units

(not standardized by chlorophyll a concentration), because the temporal and

vertical variations of chlorophyll a concentration were less than 15 % with

average of 82.3 ptg L"i, and did Rot affect the diurxxal changes of the
fi"orescence prefiles.

tweasesrege?sent of eenderwater UgCZ{ and ?AR : Attenuation of UVA and PAR

was measured at the following water bodies, Lake Sirakoma, Redberry Lake
(CaRada), Lake Tsukui, L. Biwa, L. NakaRuma, L. Suwa and 6 experimental
ponds at the Natiofial institute for Environmentai Studies. Chlorophyll a

concentratioft aKhese lakes ranged from a minimum ofO.55 in L. Sirakoma to a
inaximum of 144 pag L"i in Seitzoku Pond. Secchi disk deptks measgred ranged

from O.35 iR SeRzoku Pond and to 5.9 ra in L. Biwa. The flux density of PAR in

the water column was measured from e m to a depth of about 1% of sttrface
density at 1 m intervals using a LI- COR quantum meter (Medel 185B) with an

anderwater quantum seitsor (SR.NO,UWQ3743, LI-COR inc.). UBderwater
UVA was measured from O to 1.5 m at O.1 m iRtervals usiRg a UV metef (UVR-

1, TopcoR Co.) with a UVA sellsor (UVR-36, Topcon Ce.) covered with a
UVA-transparent polyetkylene box. Underwater extinction coefficients (k) for

both UHVA and PAR were calculated by the exponential model;

    k= (ln Io- !fi l,) 1z
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    where z is the depth in meters, Io is light intensity at the lake surface aitd I.

is light inteasity at depth z. Extinction of UVA and PAR was aAalyzed with
Secchi disk depth and chlorophyll a conoentratiou in lake water.

    To estiina£e the centribution of particulate alld dissolved organic matter to
the light extinction in water, absorbance of lake water was measured using a

spectrophotemeter (Shimadzll, UV-l6eA). Water samples were collected from

the suifaces of hypereutrophic Senzokg Pond aRd dystrophic L. Sirakoma.
Absorptions of the lake water aRd the iake water filtrate obtained by flltering

with a glass fiber filter (GE'F) were scanned at le Bm intervals from 200 te 800

wn. The difference in absorption between the lake wa{er and tke filtra{e was

ccnsidered due to partic"late matter in the lake water, and that between lake

water filtrate aRd pure freshwater (data from 14) due to dissolved orgaRic

matter.

gee£svLTs

WA atrenuation ire lake water cegnmre : The depth to which 1 % of surface

irradiance reached was O.7 m for UVA and 1.3 m for PAR iR Senzokg Pond
(Figure la). Lake water absorbed and scattered UVA more strongly than PAR.
The relationship betweefi UVA and PA]R iR watey, therefoye, was curvilinear
(Figgre lb). This implies tka{ the ratio of UVA to PAR decreases with depth.

    Extiaction coeewcients of UVA and PA.R, which wefe measured at lakes
with various tiophic states showed positive linear correlatioits with chloropkyll

a concentrations (Figure 2a). ExtinctioR coefficients calculated for UVA were

twe to tkree times higher than these for PAR. 1 % depths of surface irradiance

of UVA aRd PAR, which were calc"lated from the extinctioR coefficieRts are
plotted against Secchi disk depth in Figllre 2b, and both showed a positlve linear

correlatioR. The l % depth of ?AiR is abogt 2.4 times the Secchi disk depth.

lkis corresponds with previous limftological findings (3). The 1 % depth of
UVA is O.7 times ef the Secchi disk depth; this is the first gefieralizatiosc of

these two parameters.

    The attenuation of light in water was highly dependeRt oR tke concentfation

of particulate and dissolved orgafiic matter (Figufc 3). AbsorptioR of UHVA by

pure freshwater is very siight. The contribution of dissolved organic matter to.

Iight absorption was greater for UV thait PAR. IR Sefizokg PoRd, U-VA was

absorbed andler scattered greatly by particglate matter, i.e. mostly
phytoplankton, and was absorbed slightly by dissolved organic matter (Figure

3a). In' centrast, VVA was absorbed mestly by dissolved ofganic matSer in L.

Sirakoma, because the lake water contained kigh ceitceRtrations of dissolved
humic substances axd very low planktoR density (Figure 3b).

ewfk7cts of tigkg histoey of,pbytoplannton en l7Ex:4 inhibition : ?kytop}anktoR

from greater depths of £he stratified L. Nakapama showed strong inhibitioR by
UVA, while relatively weak inhibition was detected in the surface
phytoplallktoit (Figure 4a). Because thermal stratificatioit had been forrned

before aRd dufing the measurement as observed in Figure 4c, phytoplankton
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cells were thoughtto remain at each depth. Surface phytoplanktoR appeared to

be exposed to UVA and the acclimatizatioR would be realized '(Figure 4b). IR

coRtrast, phytoplanktoR at greater depths would experience very low ievels of

UVA and would not accliraahee must be realized.

El)fflacts of water coinmn mixing en ewA inhibimn of pdytoplankton
photosyrethesis : Diurnal variatioRs of temperature and photosynthetic ability

which was determined as DCMU-indllced fiuorescence profiles were measured
to aflalyze photosynthetic capacity with reference to water columR mixiRg
(Figure 5). At 8 a.m., water temperatiire was almost constant thro"ghcut the

water column as it was calm and thefe had been no wind that moraing, thus, the

watef column appeared to be stable. Photosynthetic ability was low at the
surface aRd at a deptk of O.5 m, iRcreasiRg and was coRstaRt below 1 m where

UVA level decreased to about 1 %. Phytoplankton were eoRsidered fiot to
acclimatize to UVA conditions becaEse they had spent a loRg period in the dark.

This may have been brollght abont the iRhibition by UVA at the surface.

    in the measuremefits at 10 a.m., l2 and 2 p.m., strong gradients of water

tempeyatllre had formed near the surface due to iRcreases in irradiance.
Photosynthetic ability at each of three observations was low at tke sgTfaoe, and

increased with depth. Pkotosynthetic ability of surface phytoplankten iRcreased

frem 10 a.m. to 12 p.m., theugk surface irradiance became higher at 12 a.m.
tkaR le a.m.. This might have been dge to the acclimatization to UVA of surface

planktcn which was thought to stay at the surface under stratified conditions.

    At 4 p.m., a weak wind iR the afternoon induced mixing of the water

column. A mixing layer appeared from the surface to a depth of 1 m.
Photosynthetic abilky showed almost similar values iB the mixing layer and

higher valges beiow a dep£h of 2 m. Phytopiankton in the mlxing layer were
thogght net to be accliinatized te UVA. because they did Rot stay at the sgrface.

Tkerefore, phetosynthetic ability might have shown low levels.

    At 6 p.m., a strofiger wiRd blew and caused whole water columR mixing.
Photosynthetic ability was constant throgghout the water column. Sinoe that

time was befere dawn, inhibition of photosynthetic ability by UVA was Rot
observed.

    Tke next moming, a stroRg wind enhanced the water column mixing and
water temperatgre was almest constantthrollghout. Photosynthetic ability was

also constaRt ilt the whole water column.

Dgscvssx*N

tweeeesesstioce qlf evge'lxa in lakes : The depth at which UVA inhibitioR of

photosynthetic rate is ebserved is variable depeitding on the trophic state of the

lake; shailow in oligotrophi¢ water bodies aRd deeper in eutrophic lakes (7).
This must be due to differegces of attenuatiog of UVA in those lakes. UVA in

wa{er measufed uRder various trophic coRditions showed that it reached greater

depths in oligotrophic water bodies.

    ExtiRctioR of UVA ix water stfoitgly depeRds on plankton biomass
(chlorophyll a conceittfatien). 'Ilhe phytoplanktoR density increases and the



5

Secchi disk depth decreases as eutrophication proceeds. The relationship
between Seccki disk depth and 1 % depth of surface UVA clarified iR the
present study is valid in studies of the venical profiles of phytoplaRkton

photosynthesis with refereRce to high ligh£, that is high UVA, inhibition iR
aquatic environments.

    Dissolved organic matter in lake water, which increases as eutrophication

proceeds, would also infiueRce the attenuatiog of UVA because it has been
shewn {o absorb UVA (il, 13). The contribution of dissolved orgaRic matter to

the mode of underwater UVA may be larger in h#mic lakes. It is thus Recessary

to study UVA absorptioR by dissolved orgaRic matter aRd its effect oR
phytoplagkton phetosynthesis at various watef bodies.

Effaets of stvataijication and mixiesg of the water cotumn on the UYI4
inhibitiore of photosynthesis : When coRsidering the vertical profile of

photosynthetic yate of phytoplankton in aquatic eRvironments, mixing
conditicns of {he water column alld ttnderwater light egvironment should be

tE{ken into account. Underwater light environmepts for phytoplankton
pkotesygthesis are presented schematically in Figure 6. Since UVA iB water is

absorbed andlor scattered reore stroitgly than PAR, UVA which penetrates
through surface layer of the water celumn is dispersed and consequently only

PAR remains in somewhat deeper layers. At greater depths, almost all PAR is

also dispersed. Mixing of the water column must change the position of
phytop!allktoR, wkich perferni photosynthesis in variable light eBvironments

under such conditions. Figure 7 shows scherr}atic vertical profiles of
photosynthetic rate of phytoplaRkton with diffk)rent mixiRg depths. wnefi only

the surface is mixed, UVA inhibition of photosyRtketic rate iR surface
phytoplankteR is small. in coRtrast, severe inhibitioR of phytoplankton
photosyitthetic rate at the surface is observed uRder deep mixing conditions,
because the phytopiank{on do not acclimatize to UVA dlle to their long stay in a

layer with little uvA.

    in Figure 8, 4 types of typical vertical profiles of photosynthetic ability

with relatioR to water column mixing are presented. Type A caR be observed in

the memiRg duriRg calii} weather with no wiRd when mixigg of the water
coiumn is net expected eveR uRder weak stratdicatiofl. On such occasions
photosynthetic Rbility is inhibited at the surface and iRcreases with depth.

Surface phy£oplankton are thought Ret to be acclimatized tG UVA, because they
had spent a long night in the dark. Types B aitd C are bcth observed during the

daytime. B profiles of photosyRthetic ability are similaf to type A, because the

water colugfin is stable under Ro wind and s"rface pkytoplagkton are expesed to

severe UVA. When moderate wind induces the mixing of surface water (Type
C), photosynthetic ability in the mixing layer is constant and increases below the

mixing depth. Photosynthetic ability at the surface may vary with time of day

due to the degree of acclimatization te UVA. For example, if surface
phytoplankton kave sllfficient time to accliraatize themselves to UVA, their

photosynthe{ic ability [nay increase, showg as dotted lixes in types B and C.

Type D might be observed oR windy days. Phytoplankton show the sarae
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photosyRthetic ability throughout the water columR, because of intensive water

mixing and insufficient acclimatization.

    in coRclusion, photosynthetic rate of phytoplankton in lakes is decided by

degree of inhibition and acclimatizatioB to UVA, which depends on the light
kistory of the cells. Therefore, it is imperative to considef the surface irradiaRce

of UVA as well as PAR, attelluation of UVA, and the rnixing depth to
understand the venical profile of plankton photosyitthesis in natural
   ,envlronmeRts.
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Light Environment of Phytoplankton in Lakes
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